Abstract. Tight junctions are intercellular junctional structures that control paracellular permeability across epithelial cell sheets, and serve as a barrier to the intramembranic diffusion of components between apical and basolateral cell membrane domains. Follistatin-like protein 1 (FSTL1) has been reported to promote cellular metabolism and survival. FSTL1 has been revealed to be highly expressed in adult kidney tissues, and high FSTL1 levels have been reported in mouse and human serum samples; however, the roles of FSTL1 in the regulation of kidney function remain to be elucidated. In the present study, FSTL1 was demonstrated to increase the transepithelial electrical resistance in mouse inner medullary collecting duct (mIMCD3) cells. The molecular mechanisms underlying the effects of FSTL1 were also investigated and the results suggested that FSTL1 may exert its actions through the modulation of Akt signaling. In addition, FSTL1 was revealed to produce no effect on the migratory capabilities of mIMCD3 cells. The results of the present study suggested that FSTL1 may facilitate the formation of tight junctions and regulate their function in renal tubular epithelia.
Introduction
The tight junction mediates adhesion between epithelial cells and is required for epithelial cell function (1) (2) (3) (4) . Tight junctions are a type of specialized intercellular junctional complex which form tight seals between epithelial cells, thus creating a selectively permeable barrier to the diffusion of molecules through the intercellular space (1, 2) . As a barrier and frontier between the basolateral and apical membrane domains of epithelial cells, tight junctions also restrict the diffusion of macromolecules and proteins through intermembrane domains (3) . Tight junctions are complex and multi-protein structures, and have been reported to serve critical roles in diverse cellular processes, including the regulation of cellular polarity, differentiation and proliferation (4) .
Transepithelial electrical resistance (TER) reflects the paracellular ionic conductance, and has been used to assess the function of the epithelial cell barrier (5) . Specific proteins that participate in tight junctions have been reported to be involved in TER modulation (6) . Therefore, TER has been widely used to assess the complexity and function of tight junctions, as well as to investigate the physical structures and biological properties of filter-grown epithelial cultures (5) .
Follistain-like protein 1 (FSTL1) was originally identified to be a tumor growth factor (TGF)-β-inducible gene in a mouse osteoblast cell line (7) and is a highly-conserved protein throughout vertebrate evolution (8) . FSTL1 consists of an N-terminal domain with homology to follistain (FS domain) and a domain containing two EF-hand calcium-binding sites (EC domain), followed by a C-terminal region homologous to the von Willebrand factor, type C domain (9) . Based on its sequence, FSTL1 can be classified into the secreted protein, acidic and rich in cysteine (SPARC; also known as osteonectin and basement-membrane protein 40, BM-40) family, the members of which have been reported to contain FS and EC domains (9) . However, unlike other members of this family, the FS domain of FSTL1 cannot bind activin (10) , and its EC domain cannot bind collagen (11) . Therefore, this lack of conservation of important functional features suggests that FSTL1 may exhibit unique functional properties.
The function of FSTL1 remains unclear. FSTL1 has been reported to promote cellular metabolism and survival, and to serve important roles in pro-or anti-inflammatory responses in injured tissues (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . FSTL1 expression has been demonstrated to increase in the myocardium in response to Akt-induced hypertrophic growth and under conditions of myocardial stress, including ischemia-reperfusion injury and myocardial infarction (12) . In addition, it has been revealed to inhibit apoptosis in endothelial cells (13, 14) and cardiomyocytes (12) , to promote endothelial cell function through (14) , and to enhance the metastatic potential of prostatic and ovarian cancer cells (15) . A recent study by Wei et al (16) demonstrated that FSTL1 delivery into injured myocardial tissue using collagen patches stimulated cardiomyocyte proliferation and the recovery of myocardial function. Furthermore, it has been suggested that FSTL1 may act as an autocrine and endocrine factor, as the levels of circulating FSTL1 have been revealed to be increased in patients with rheumatoid arthritis (17, 18) , heart failure (19) and acute coronary syndrome (20) . FSTL1 expression has been reported to be increased by inflammatory cytokines, including tumor necrosis factor-α, interleukin-1β, and Toll-like receptor 4 ligands. In addition, FSTL1 has been demonstrated to induce the expression of proinflammatory cytokines and chemokines by activated macrophages (18, 21) . However, contradictory results have suggested that FSTL1 may suppress the expression of inflammatory cytokines and chemokines (10, 22, 23) . These studies suggest that FSTL1 may function as an inflammatory factor. FSTL1 has been demonstrated to be robustly expressed in various structures, including the collecting duct in the developing kidney (24) . FSTL1 is also expressed in the adult kidney and has been revealed to circulate at high levels in mice and humans. Immunostaining for FSTL1 has indicated its localization in the outer medulla of the adult kidney (25) ; however, the roles of FSTL1 in the kidney remain to be elucidated. The present study demonstrated that FSTL1 increased TER in mouse inner medullary collecting duct (mIMCD3) cells, whereas its effects appeared to be abolished following the inhibition of Akt signaling. These results suggested that FSTL1 may participate in the molecular mechanisms underlying the regulation of tight junction function in renal tubular epithelia.
Materials and methods
Cell culture. mIMCD3 cells were purchased from American Type Culture Collection (Manassas, VA, USA; cat no. CRL-2123) (26) , and were cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 500 µg/ml penicillin/streptomycin/glutamine. Cells were maintained in a 5% CO 2 humidified atmosphere at 37˚C.
TER evaluation. mIMCD3 cells were seeded (2.5x10 5 cells/well) to form a monolayer in 12-well plates on clear Transwell inserts (0.4 µm pore size; Corning Incorporated, Corning, NY, USA). A total of 3 days following seeding, the culture medium was replaced with fresh DMEM, containing 0, 5, 20 or 100 ng/ml recombinant human (rh)FSTL1 (GenWay Biotech, Inc., San Diego, CA, USA). TER of mIMCD3 cells was evaluated daily for 5 days using the Millicell Electrical Resistance System (EMD Millipore, Billerica, MA, USA).
To investigate the molecular mechanisms involved in the effects of FSTL1 on TER, mIMCD3 cells were seeded to form a monolayer and the culture medium was replaced with fresh DMEM with or without rhFSTL1 (100 ng/ml). Subsequently, cells were treated with 10 µM mitogen-activated protein kinase kinase (MEK) 1/2 inhibitor PD98059 (Cell Signaling Technology, Inc., Danvers, MA, USA), or with 2 µM Akt inhibitor VIII, Isozyme-Selective, Akti-1/2 (EMD Millipore) for 30 min. Control cells received no treatment. TER was measured daily for 4 days.
Cell proliferation assay. mIMCD3 cells were seeded (2.5x10 5 cells/well) in triplicate in 12-well plates. 3 days after seeding, the culture medium was replaced with fresh DMEM, containing 0, 20 or 100 ng/ml rhFSTL1. Then the cells were counted after 5 days. Proliferation assay was repeated three times, and cell numbers averaged and standard deviations were calculated to permit statistical analysis.
Conditioned medium preparation. An expression vector of HA-tagged FSTL1 was constructed by subcloning the full sequence of the FSTL1 open reading frame tagged with HA into a pCMV vector (Thermo Fisher Scientific, Inc., Waltham, MA, USA). An empty pCMV-HA vector was used for mock transfection (control cells). mIMCD3 cells were seeded (8x10 5 cells/well) in a 6-well plate in DMEM Medium and transfected with pCMV-HA-FSTL1 or pCMV-HA empty vector, using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.) as the delivery agent, according to the manufacturer's protocol. The conditioned media were collected from cells 48 h following transfection, and centrifuged at 1,200 rpm for 10 min at 4˚C to remove any cells and debris. The pre-cleaned medium was then concentrated from ~120 ml initial volume to ~12 ml final volume using Centriprep YM-3 centrifugal units (EMD Millipore). The amount of proteins in the concentrated conditioned medium was determined using a Bradford protein assay. The protein concentration of prepared media was then adjusted to 2 mg/ml for further experiments. The prepared stock solution was then mixed with fresh DMEM at a volume ratio of 1:4 (concentrated conditioned medium: DMEM) for further cell cultures. Western blotting was used to detect the expression of FSTL1 in condition medium. Equal amounts of protein samples (20 µg) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (EMD Millipore). Membranes were blocked at room temperature for 2 h with 1% bovine serum albumin (cat. no. P0007; Beyotime Institute of Biotechnology, Haimen, China) in TBST (50 mM Tris-HCl, 150 mM NaCl, and 1% Triton X-100, pH 7.4). Membranes were subsequently incubated with goat-anti-FSTL1 antibody (1:1,000 dilution; cat. no. AF1738; R&D Systems, Inc., Minneapolis, MN, USA) and mouse-anti-HA tag antibody (1:1,000 dilution; cat. no. 05-904; EMD Millipore) at 4˚C overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies donkey anti-goat IgG (cat. no. sc-2056; 1:5,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and goat anti-mouse IgG (cat. no. sc-2005; 1:5,000 dilution; Santa Cruz Biotechnology, Inc.) at room temperature for 2 h. Protein bands were visualized by enhanced chemiluminescence (ECL), using the Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare Life Sciences, Little Chalfont, UK) followed by exposure to X-ray film (Fujifilm Holdings Corporation, Tokyo, Japan). Membranes were stripped in 0.2 M glycine (pH 2.5) containing 0.5% Tween-20 for 10 min and reprobed with anti-β-actin antibodies (cat. no. sc-7210; 1:3,000 dilution; Santa Cruz Biotechnology, Inc.) at 4˚C overnight.
Treatment with conditioned medium for cell culture. mIMCD3 cells were seeded (2.5x10 5 cells/well) to form a monolayer in 12-well plates on clear Transwell inserts (0.4 µm pore size; Corning Incorporated, Corning, NY, USA). A total of 3 days following seeding, the culture medium was replaced with conditioned medium with anti-FSTL1 (2 µg/ml; cat. no. AF1738; R&D Systems, Inc.) and or normal immunoglobulin G control (2 µg/ml; cat. no. AB-108-C; R&D Systems, Inc.) antibodies overnight. The media of the mIMCD3 cell cultures were changed daily, and TER was measured daily for 3 days.
Western blot analysis. mIMCD3 cells were harvested and lysed in TBST (50 mM Tris-HCl, 150 mM NaCl, and 1% Triton X-100, pH 7.4) containing protease and phosphatase inhibitor cocktails (Pierce; Thermo Fisher Scientific, Inc.) for 30 min on ice. Following centrifugation at 18,341 x g for 10 min at 4˚C, the supernatants were collected and protein concentration was determined using a bicinchoninic acid colorimetric assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of extracted protein samples (25 µg) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (EMD Millipore). Membranes were blocked at room temperature for 2 h with 1% bovine serum albumin (cat. no. P0007; Beyotime Institute of Biotechnology) in TBST (50 mM Tris-HCl, 150 mM NaCl, and 1% Triton X-100, pH 7.4). Membranes were then incubated with rabbit anti-phosphorylated (p)-Akt (cat. no. 4058; 1:1,000 dilution; Cell Signaling Technology, Inc.) or anti-p-extracellular signal-regulated kinase (ERK) 1/2 polyclonal primary antibodies (cat. no. 9101; 1:1,000 dilution; Cell Signaling Technology, Inc.) at 4˚C overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies goat anti-rabbit IgG (cat. no. 7074; 1:10,000 dilution; Cell Signaling Technology, Inc.) at room temperature for 2 h. Protein bands were visualized by enhanced chemiluminescence (ECL), using the Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare Life Sciences, Chalfont, UK) followed by exposure to X-ray film (Fujifilm Holdings Corporation, Tokyo, Japan). Membranes were stripped in 0.2 M glycine (pH 2.5) containing 0.5% Tween-20 for 10 min and reprobed with rabbit anti-Akt (cat. no. 9272; 1:1,000 dilution; Cell Signaling Technology, Inc.), anti-ERK1/2 (cat. no. 9102; 1:1,000 dilution; Cell Signaling Technology, Inc.) and anti-β-actin antibodies (cat. no. sc-7210; 1:3,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. The bands were quantified using Multi-Gauge version 3.2 software (Fujifilm Holdings Corporation). Experiments were repeated independently 3 times, and the relative expression of the target protein was normalized to the level of β-actin in the same sample.
Scratch wound assay. The migratory capabilities of mIMCD3 cells were evaluated using a scratch wound assay. Confluent monolayers of mIMCD3 cells were treated with 0, 20 or 100 ng/ml FSTL1. A scratch wound was inflicted in the monolayer using a micropipette tip (200-µl tip) and the culture was rinsed twice with PBS to remove the detached cells. Wound closure was evaluated at 8 and 24 h following scratching, and photographs were captured by the Zeiss AxionPlan 2 Imaging System light microscope (Zeiss AG, Thornwood, NY, USA). A total of nine areas were selected randomly in each well at x100 magnification, and cells in three wells of each group were quantified in each experiment.
Statistical analysis. The statistical significance of the differences between groups was assessed using one-way analysis of variance followed by Tukey's test. Data are expressed as the mean ± standard deviation of at least 3 independent experiments. SPSS 12.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference. 
Results

FSTL1 increases TER.
Tight junctions have been reported to be critical for the maintenance of the normal structure and function of the epithelial cell barrier in the kidneys (3). In the kidneys, TER varies markedly across the various nephron tubules, and is altered in response to physiological and pathological processes (27) . FSTL1 has been reported to be highly expressed in the collecting duct during kidney development (28) . To investigate whether FSTL1 may regulate the formation of tight junctions, the mIMCD3 well-established renal tubular epithelial cell line was used, which has been demonstrated to form tight junctions in culture (29) . In the present study, mIMCD3 cells were plated on Transwell inserts in 12-well plates and the TER was measured. Untreated mIMCD3 cells exhibited a slight increase in TER over the time course of the experiments (Fig. 1A) . Following treatment of mIMCD3 cells with various doses of FSTL1, TER was significantly increased compared with untreated control cells. Notably, the effects of FSTL1 on TER were revealed to be dose-dependent (Fig. 1A) . The increase in TER did not appear to be due to an increase in cellular proliferation, as indicated by the unaltered mIMCD3 cell numbers following FSTL1 treatment (Fig. 1B) .
Secreted FSTL1 increases TER. As FSTL1 is a secreted protein, the conditioned media from mIMCD3 cells were collected, following transfection with HA-tagged FSTL1. The expression of FSTL1 was shown by Fig. 2A . When cultured mIMCD3 cells reached ~90% confluence, the conditioned media with or without the addition of an anti-FSTL1 antibody were applied. FSTL1 conditioned media were demonstrated to significantly increase TER between days 1 and 3 compared with untreated control cells (Fig. 2B) . Addition of the anti-FSTL1 antibody to conditioned media abolished the potentiating effects of FSTL1 on TER (Fig. 2B) . These results suggested that FSTL1 may be secreted from renal epithelial cells to induce TER increases.
FSTL1 increases TER through Akt signaling.
FSTL1 has been demonstrated to act through phosphatidylinositol-4,5-bisphosphate 3-kinase/Akt and MEK/ERK pathways (17) . To investigate the molecular mechanisms underlying the FSTL1-induced increases in TER, the MEK1/2 inhibitor PD98059 was used to evaluate the involvement of ERK signaling pathways. Treatment with FSTL1 was revealed to enhance ERK1/2 phosphorylation in mIMCD3 cells, whereas PD98059 abolished the FSTL1-induced increase in p-ERK1/2 levels (Fig. 3A) . Conversely, treatment with PD98059 did not appear to affect the FSTL1-induced increase in TER (Fig. 3B) . These results suggested that the MEK1/2/ERK pathway may not be implicated in the mechanisms underlying the potentiating effects of FSTL1 on TER.
In order to evaluate the involvement of Akt signaling in FSTL1-induced increases in TER, the Akt pathway inhibitor VIII was used. Western blot analysis demonstrated that treatment with FSTL1 increased the protein expression levels of p-Akt in mIMCD3 cells, whereas 2 and 10 µM of Akt inhibitor VIII were demonstrated to prevent the FSTL1-induced phosphorylation of Akt (Fig. 4A) . Notably, Akt inhibitor VIII was revealed to significantly abolish the potentiating effects of FSTL1 on TER, returning it to control levels (Fig. 4B) . The present results suggested that FSTL1 may increase TER in renal epithelia through the modulation of the Akt signaling pathway.
FSTL1 does not affect mIMCD3 cell migration.
Previous studies have demonstrated that FSTL1 altered the migratory capabilities of several types of cells, including epithelial and endothelial cells (19, 30, 31) . To examine the effects of FSTL1 on mIMCD3 cell migration, an in vitro scratch wound assay was performed. Confluent monolayers of mIMCD3 cells were wounded and wound healing was monitored. Treatment with increasing concentrations of FSTL1 did not alter the wound healing speed of mIMCD3 cells (Fig. 5) . These results indicated that FSTL1 is not implicated in the regulation of mIMCD3 cell migration.
Discussion
FSTL1 is expressed in the collecting duct of embryonic kidneys (24) , and high circulating FSTL1 levels have been reported in adult mice and humans (25) . However, the biological roles of FSTL1 in the kidney are unknown. In the present study, FSTL1 was demonstrated to increase the TER in renal epithelial cells. To the best of our knowledge, this is the first report to suggest a role for FSTL1 in tight junction formation in renal tubular epithelia. Functional tight junctions are essential for the establishment and maintenance of the polarized architecture of epithelial cells (3) . Therefore, tight junction modulation may be a critical mechanism during kidney development, as well as during injury and repair. In addition, tight junctions provide a barrier that regulates paracellular and intercellular transport, and in renal tubules, paracellular and intracellular pathways have been implicated in the regulation of epithelial ionic permeability (32) . Variations in TER among different segments of the nephron may be involved in the regulation of ionic transport selectivity (33) . Therefore, the present results suggested that FSTL1 may serve a role in the development and repair of renal tubules, as well as in tubular function through the regulation of tight junction structure and function.
Akt has been identified to be a key mediator in various intracellular signaling pathways governing cell growth and survival, angiogenesis, as well as in renal tubular transport. Akt has been implicated in insulin signaling via the insulin receptor substrate 2 and the Na + /HCO 3 -cotransporter (34), and FSTL1 has been involved in the maintenance of cellular metabolism, through the regulation of Akt signaling (12, 14) . In the present study, FSTL1 was demonstrated to increase TER in renal epithelial cells, and results suggested that Akt-mediated signaling pathways may be implicated in the molecular mechanisms underlying its actions. FSTL1 is a member the SPARC/BM-40/osteonectin family of proteins which can bind TGF-β superfamily proteins and antagonize their binding to their receptors; however, relatively little functional similarity exists between FSTL1 and other family members (11, 35) . Disco-interacting protein 2 homolog A (DIP2A) has been suggested as a receptor of FSTL1; DIP2A was revealed to be required for the antiapoptotic and promigratory effects of FSTL1 on endothelial cells, and to mediate FSTL1-induced Akt activation (36) . Furthermore, DIP2A has been reported to be expressed in mouse kidney tissue (25) , thus suggesting that FSTL1 may signal through this receptor to activate Akt intracellular signaling pathways. Further studies are required to elucidate the molecular mechanisms underlying the regulatory effects of FSTL1 on tight junctions in renal tubular epithelia.
FSTL1 was originally identified as a TGF-responsive gene in osteoblasts, and its expression has been demonstrated in various organs in adult organisms (7) . FSTL1 expression has been revealed in the kidneys, with the highest expression localized in the outer medulla, and high circulating FSTL1 levels have been reported in adult mice and humans (25) . Renal tubules are intimately associated with interstitial blood vessels, thus suggesting that circulating FSTL1 may have access to the majority of renal cells, where it may participate in several processes. Developmental studies have suggested that FSTL1 may be involved in the regulation of organ and tissue formation in embryos (24, 37) ; however, its functions in adults have yet to be fully elucidated. FSTL1 has been demonstrated to promote cellular migration and survival in vitro and in vivo (14, 36, 38) ; however, in the present study, FSTL1 did not affect mIMCD3 cell migration. These results suggested that FSTL1 may exert different actions in various types of cells.
In conclusion, the present study demonstrated that FSTL1 increased TER in mIMCD3 cell cultures, through the regulation of Akt-mediated intracellular signaling pathways, but exerted no effects on the migratory capabilities of mIMCD3 cells. These results suggested that FSTL1 may serve important roles in kidney function. Figure 5 . FSTL1 is not involved in the regulation of mIMCD3 cell migration. mIMCD3 cells grew to 90% confluence and cellular migration was evaluated using a scratch wound assay. Scratch wounds were photographed at 0, 8 and 24 h post-scratching. Wound healing was quantified and results demonstrated that treatment with FSTL1 did not exert an effect on the migratory capabilities of mIMCD3 cells. A total of nine areas were selected randomly in each well at x100 magnification, and cells in three wells of each group were quantified in each experiment. Experiments were carried out in triplicate at least three times. Results are presented as the mean ± standard deviation of three independent experiments. FSTL-1, follistatin-like protein 1; mIMCD3, mouse inner medullary collecting duct.
